Background: Higher hospital and surgeon volumes are independently associated with improved mortality after open repair of abdominal aortic aneurysms (AAAs) in the era before endovascular AAA repair (EVAR). The effects of both surgeon and hospital volume on mortality after EVAR and open repair in the current era are less well defined.
Operative volume has been identified as an important predictor of patient morbidity and mortality after multiple complex surgical procedures. 1 After open repair of abdominal aortic aneurysms (AAAs), studies using data from Medicare, the National Inpatient Sample, and international databases, have all found improved mortality with increased volume. [1] [2] [3] [4] [5] [6] More recent studies have attempted to evaluate both surgeon and hospital volumes to better assess the independent effect of each. Some have suggested surgeon volume is the primary driver of improved mortality, and others have concluded that hospital and surgeon volume both have important effects on perioperative mortality. [1] [2] [3] 7 Importantly, previous studies have not evaluated the effect of surgeon and hospital volume on perioperative mortality after open repair in the endovascular era, and few studies have evaluated the association between volume and mortality after endovascular AAA repair (EVAR). Three studies assessing hospital volume identified an inverse relationship between volume and in-hospital mortality. 4, 6, 8 Alternatively, in one of the only studies to account for surgeon and hospital volume, neither surgeon nor hospital volume had a significant effect on in-hospital mortality. However, this study was unable to assess 30-day mortality due to limitations of the National Inpatient Sample (NIS). 3 Given these gaps in knowledge, this study evaluated the independent effect of both surgeon and hospital volume on perioperative mortality after EVAR and open repair.
METHODS
The Harvard Medical School Institutional Review Board approved this study. Patient consent was waived because this was a retrospective study.
Overview. We used comprehensive data from the Medicare program to identify all aortic aneurysm repairs that occurred between 2001 and 2008 . Patients included open and EVAR of intact and ruptured abdominal and thoracoabdominal aneurysms. We used these data to calculate institutional and surgeon volume for EVAR and open repair for each year. To evaluate the relationship between surgical volume and mortality, we restricted our analyses to elective aneurysm repairs confined to the abdominal aorta to compare similar patients across institutions and surgeons.
Surgeon and hospital volume. Surgeon and hospital procedure volume were measured within each procedure type during the 365-day period preceding each operation. Surgeon and hospital volume were assessed independently. Because experience in treating ruptured and complex aneurysms contributes to surgeon and hospital experience, the total volume counts included all ruptured, thoracoabdominal, and intact aortic aneurysms. To calculate surgeon volume, the performing physician was identified using the unique physician identification number listed on each patient's Medicare claim. If two surgeons were identified in a single operation (EVAR: 53%; open: 35%), the higher volume was assigned to the patient when one surgeon was not identified as an assistant. No physician was identified for 6103 patients (4.7%), which were therefore excluded from analysis (EVAR: 2419; open: 3684). All other data were complete.
To simplify interpretation of results, hospital and surgeon volumes were divided into quintiles using cutoffs that most closely separated the patients into groups of equal size. The quintiles were set using average annual volume across all of the years, which meant that the proportion of patients assigned to each quintile varied across years. We computed volume cutoffs based on open and endovascular repair separately, and at each time point, assigned each hospital and surgeon to a volume quintile.
Study population and outcomes assessment. For the assessment of outcomes, we applied several restrictions to the above population to create a homogenous sample and thus minimize the influence of confounding by patient mix. To do so, we focused on the repair of intact AAAs among patients aged $67 years with a discharge diagnosis of AAA without rupture (International The primary outcome measured was perioperative mortality, defined as death within the index hospitalization, including contiguous transfers to other acute care facilities, or #30 days of the date the procedure was performed. Mortality was assessed using the Medicare Beneficiary Summary File.
Statistical analysis. Hospital and surgeon volumes for each procedure were first examined over time. We then compared the admission characteristics of the cohorts according to quintiles of hospital or surgeon volume using c 2 tests for categoric variables or t-tests for continuous, normally distributed variables. Our focus in these comparisons was on the magnitude of the differences (ie, the lack of balance) between the groupsdnot the statistical significance of the differencedbecause this quantifies the potential for confounding bias due to the admission patient characteristics and thus the extent to which the statistical model is relied on to perform the suitable adjustments. We first estimated separate multilevel multivariable logistic regression models with surgeon and hospital volume, respectively, as the primary predictor of interest to estimate the overall effect of each and then subsequently estimated models with both surgeon and hospital volume as predictors to isolate the independent effect of each controlling for the other. We also tested for interactions between hospital and surgeon volume but found none and so limit the results reported here to the main effect (ie, no interaction) model. All models included the year of surgery as well as baseline beneficiary demographic and clinical characteristics obtained from claims during the 2-year period before, but not including, the index admission. We measured clinical comorbidities using a version of the Elixhauser algorithm that was adapted to also include diagnoses that occurred only in the outpatient setting. 9, 10 The highest quintile was used as the reference group.
The multilevel models included random effects for surgeon and hospital to account for the fact that multiple patients were treated by the same surgeon and within the same hospital, appropriately inflating standard errors to generalize results to the population of all United States surgeons and hospitals. Observed mortality in each quintile was then compared with the expected mortality adjusted for patient demographics under the counterfactual assumption that all procedures occurred in a hospital at the lowest-volume quintile.
Statistical analyses were completed using SAS 9.4 software (SAS Institute Inc, Cary, NC). Images were created using GraphPad Prism 6.0 software (GraphPad Inc, La Jolla, Calif). Table I .
RESULTS

Surgical
Demographic characteristics and comorbidities. Among patients treated with EVAR, the mean age was 77 years. There was minimal variation in the frequency of comorbidities; however, the number of patients per year and the proportion of each race per quintile changed over time for surgeon and hospital volume (Table II) . Among patients treated with open repair, the mean age was 75 years. Comorbidities were similar across all quintiles with the exception of chronic obstructive pulmonary disease, which differed by hospital quintile only. The number of patients per year and the proportion of each race and gender per quintile appeared to be associated with surgeon and hospital volume (Table III) .
Effect of volume on mortality. After EVAR, surgeon volumes was not associated with unadjusted perioperative mortality (quintile 1: 1.8%; quintile 5: 1.6%; P ¼ .29), but decreased with greater hospital volume (quintile 1: 1.9%; quintile 5: 1.4%, P < .01; Table IV ). In patients undergoing open repair, surgeon volume (quintile 1: 6.4%; quintile 2: 5.6%; quintile 3: 5.1%; quintile 4: 4.6%; quintile 5: 3.8%) and hospital volume (quintile 1: 6.3%; quintile 2: 5.7%; quintile 3: 5.2%; quintile 4: 4.8%; quintile 5: 3.8%; Fig 1) had approximately linear associations with perioperative mortality. Predicted mortality after EVAR and open repair was similar for both surgeon and hospital volume (Fig 2) .
In patients undergoing EVAR, surgeon volume was not associated with perioperative mortality after adjustment for patient comorbidities and hospital volume. However, when hospital volume was assessed, 
DISCUSSION
We used comprehensive data from the Medicare program to evaluate the relationship between surgeon volume, hospital volume, and perioperative outcomes after elective AAA repair, and identified several notable results. First, after EVAR, high hospital volume but not surgeon volume was associated with lower perioperative mortality. In addition, after open repair, higher surgeon and hospital volumes were both highly associated with decreasing perioperative mortality, and these effects appear to be mostly independent. 15 Moreover, in prior work, we found that at least for hospitals, volume of EVAR did not predict outcomes for open repairs and vice versa, suggesting that the relevant experience is for the specific procedure, not AAA repair overall. 6 The Society for Vascular Surgery (SVS) guidelines recommend repair of AAAs be completed at hospitals with in-hospital mortality rates <5% after open repair and <3% after EVAR. 16 In the current study, only high-volume hospitals in the quintiles 4 and 5 achieved mortality rates <5% after open repair despite similar predicted mortality, suggesting that, hospitals who perform <18 open repairs annually generally do not achieve current quality benchmarks. Importantly, after EVAR, all hospitals achieved mortality rates of <3%, so this standard may be too lenient. Nonetheless, the SVS guidelines may be more appropriate to guide repair of AAA given the clear delineation between EVAR and open repair. Our study suggests that for EVAR, hospital volume may be a sufficient measure to stratify perioperative mortality risk and that all hospitals currently meet standards set forth by the SVS and Leapfrog. Our results suggest that only the lowest-volume EVAR hospitals (<9 EVARs) should be avoided, although differences between the hospitals with the lowest and highest volumes were small. Importantly, the volume required is dramatically lower than the 50 patients previously suggested by Leapfrog, which may reflect outdated targets based on open volume. After open repair, this study suggests that hospital volume alone, as used by Leapfrog, is not a sufficient measure for stratifying perioperative mortality risk and that surgeon volume must also be accounted for. These results are supported by the work of Dimick et al, 2 who found high hospital volume (>35 patients) and high surgeon volume (>10 patients) were associated with improved mortality after open AAA repair. Similarly, Birkmeyer et al 5 also found surgeon and hospital volume were both important predictors of mortality after AAA repair. The specific volumes necessary to achieve acceptable perioperative mortality rates are not universally agreed upon, and much of the current data come from studies analyzing outcomes of open AAA repair before the widespread use of EVAR. Historically, Leapfrog recommended a hospital cutoff of 50 AAA repairs. More recently, however, Dartmouth, University of Michigan, and Johns Hopkins released thresholds for both hospital and surgeon volume, with cutoffs for complex aortic surgery of 20 operations per hospital and eight operations per surgeon annually. 14 The results in our current study for open repair, in particular, suggest a fairly linear relationship, which suggests that there is no exact threshold where mortality declines precipitously. Moreover, prior thresholds often have been determined by the arbitrary cutoffs suggested by statistical analysis rather than by clinically meaningful differences in outcomes. Therefore, care should be taken in the interpretation of such results given the significant policy implications associated with imposing volume thresholds.
Regionalization of complex surgery has been proposed as a potential quality improvement strategy to improve the perioperative mortality of low-volume centers within the United States. These efforts in the United Kingdom have led to the centralization of arterial surgery and endovascular interventions into high-volume vascular arterial centers performing a minimum of 60 AAA repairs and 40 carotid procedures annually. 17 However, opponents note such efforts disproportionally displace patients in rural settings, increase the travel costs associated with health care, and overburden large institutions, which are already frequently over capacity. 17 Nonetheless, early studies among pediatric and adult surgical patients demonstrated success in improving patient outcomes through these efforts, with only moderate increases in travel time for most patients. [18] [19] [20] Given the substantial decrease in open volume that has been seen over the last decade, a regional approach for open repair should be considered. This study has several important limitations. First, this study is subject to all of the limitations of the Medicare database, including the potential for coding errors, missing data, and data variability. This database also lacks anatomic detail, including aneurysm diameter, calcification, and extent. In addition, some clinical variables that may affect patient selection could not be assessed, including smoking status, medications, and preoperative laboratory values.
Additional outcomes of interest, including failure to rescue and postoperative complications, were not assessed nor were potential mediators such as nursing staffing ratios, intensivist staffing, and regional variation. Finally, this study did not evaluate cause of death; however, because all mortality was perioperative, it should be considered related to AAA repair. This study is, however, strengthened by its large and nationally representative sample size.
CONCLUSIONS
After EVAR, perioperative mortality is not related to surgeon volume; however, mortality significantly decreases at high-volume centers. After open AAA repair, higher surgeon and hospital volume are associated with decreased mortality. These data suggest that AAA repair should be performed at high-volume hospitals, and open repair should be performed by high-volume surgeons within high-volume hospitals.
INVITED COMMENTARY
Luke S. Erdoes, MD, South Ogden, Utah
The authors have shown, based on large numbers, that the mortality from open aneurysm repair is better at centers where the surgeons and hospitals have a higher volume of cases. This effect did not hold true for surgeon volume of endovascular aneurysm repair (EVAR), although there was a weak association with hospital volume for EVAR. It would seem that the obvious conclusion would be to centralize care of open aneurysm repair to larger-volume centers. In a world of limited medical resources this makes sense.
This might be easy to accomplish in areas with high population density, similar to diverting major trauma to Level I trauma centers. In more rural areas, this concept is much more difficult. Many families would have to send a loved one long distances for care. The unfortunate patient with a ruptured aneurysm stable enough to make it to the local hospital would now be faced with a surgeon and hospital staff unfamiliar with any type of aneurysm repair. Some patients who would be candidates for ruptured EVAR may be denied this option or die in transit.
Another issue is what to do with EVAR. Should we allow smaller-volume hospitals to do EVAR without experience with open procedures? This works reasonably well for coronary stents, where emergencies can usually be temporized long enough to make it to another facility, but a major complication of EVAR usually has to be addressed urgently.
At my institution, cardiology is doing EVAR although they are still required to have a surgeon present. I cringe at this because there is little understanding of the complexity of these cases when things go wrong. I feel strongly that vascular surgeons should always be involved with all aneurysm cases. We cannot be foolish enough to think that other specialties will not want to do EVAR, and many may do it well. Still, aneurysm disease is a surgical problem and vascular surgeons are best able to handle it.
Before the government steps in and tells us what to do, we should work on educating our colleagues, the public, and our institutions. We should report quality through avenues such as the Vascular Quality Initiative, and we should allow some degree of centralization of aneurysm care. Not every hospital or surgeon can or should do everything.
